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The extended Fes-CIP4 homology (EFC)/FCH-BAR (F-BAR) domain tubulates membranes. Overex-
pression of the pacsin2 EFC/F-BAR domain resulted in tubular localization inside cells and deformed
liposomes into tubules in vitro. We found that overexpression of the pacsin2 EFC/F-BAR domain
induced cellular microspikes, with the pacsin2 EFC/F-BAR domain concentrated at the neck. The
hydrophobic loops and the basic amino-acid residues on the concave surface of the pacsin2 EFC/
F-BAR domain are essential for both the microspike formation and tubulation. Since the curvature
of the neck of the microspike and that of the tubulation share similar geometry, the pacsin2 EFC/F-
BAR domain is considered to facilitate both microspike formation and tubulation.
Structured summary:
MINT-7710892: EFCS pacsin2 (uniprotkb:Q9UNF0) and EFCS pacsin2 (uniprotkb:Q9UNF0) bind (MI:0407)
by X-ray crystallography (MI:0114)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction from CIP4, Toca-1, and FBP17 form crescent-shaped dimers, andBAR domain superfamily proteins deform membranes to a
geometry corresponding to the structures of the membrane-bind-
ing surface of the BAR-superfamily, and/or bind to the membranes
that ﬁt their structures, and thus function to generate speciﬁc
membrane geometries [1–4]. The BAR domain forms a crescent-
shaped dimer, with a positively charged, concave surface [5]. The
positively charged surface of the domain binds to the negatively
charged inner surface of the plasma membrane to form invagi-
nated tubular membrane structures. Furthermore, the BAR
domains from endophilin and amphiphysin have hydrophobic ami-
no-acid residues that are inserted into the membrane on the con-
cave surface or dimer ends [5–7]. The EFC (or F-BAR) domainschemical Societies. Published by E
embrane and Cytoskeleton
ces, The University of Tokyo,
+81 3 5841 7862.
etsugu).
Integration Science, Chiba
Japan.their concave surfaces bind to the membrane [8–10]. The F-BAR
domain of FCHo2 also forms a crescent-shaped dimer, but the cur-
vature of its membrane binding, concave surface is larger than
those of the EFC/F-BAR domains of CIP4 and Toca-1 [11]. In con-
trast to the EFC/F-BAR domains of CIP4 and Toca-1, the lateral sur-
face of the F-BAR domain of FCHo2 is curved [11]. The F-BAR
domain of srGAP2 and the F-BAR-FX unit of Fes/Fer are involved
in the formation of cellular protrusions [12,13], but the underlining
mechanisms are unclear because the structures remain unsolved.
Pacsin/Syndapin forms one branch of the EFC/F-BAR domain
protein family [2,8,14–16]. Pacsins/Syndapins function in the mor-
phogenesis of neurons and in zebraﬁsh notochord development,
presumably through endocytosis and/or protrusive structure for-
mation [17,18]. Recently, the structures of the EFC/F-BAR domains
of human pacsin1/Syndapin I, pacsin2/Syndapin II, and Drosophila
pacsin/Syndapin were reported [17,19], but the formation of
cellular structures by these domains was not described. We also
solved the structure of the pacsin2 EFC/F-BAR domain, at higher
resolution. Here we describe the membrane interactions of the
EFC/F-BAR domain of pacsin2/syndapin II for both tubulation and
ﬁlopodia-like process formation in cells.lsevier B.V. All rights reserved.
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2.1. Liposome assays
The liposome-binding assay was performed as previously
described [5,9,20]. Liposomes were prepared from total bovine
brain lipids (Folch fraction 1, Avanti Polar Lipids) [21]. Dried lipids,Fig. 1. Three-dimensional structure of the pacsin2 EFC/F-BAR domain. (A) Ribbon diagra
carboxyl termini of the molecule, respectively. The secondary structure elements are colo
(A), while the other molecule is colored magenta. The box indicates the region shown as a
relative to (B). (D) Residues in the insertion loop between helices a2a and a2b are show
dimer, indicated with blue as positive and red as negative. (E) Bottom view (concave side)
EFCLpacsin2 (magenta), and the previously determined pacsin2 EFC domain (green). Secon
one coiled-coil region is shown. (I) The ribbon models around the loop region connecting
in the dimer-related molecule. (J) A stereo view of a 2Fo–Fc omit electron density map,
second molecules in the dimer interface are shown as stick models and are colored cyan
involving several water molecules, is shown. Hydrogen bonds are shown as dashed lines
residues in the second molecule of the dimer.under nitrogen gas, were resuspended in XB (10 mM Hepes [pH
7.9], 100 mM KCl, 2 mM MgCl2, 0.2 mM CaCl2, and 5 mM EGTA)
by mixing with a vortex, followed by hydration at 37 C for 1 h.
No sucrose was added to the XB. This preparation yielded a
mixture of liposomes with various diameters (0.1–2 lm), and
some of the liposomes were large multi-lamellar vesicles.
Liposome co-sedimentation assays were performed as follows. Tom of the structure of EFCSpacsin2 (residues 1–305). N and C indicate the amino and
red differently. (B) Side view of the EFCSpacsin2 dimer. One molecule is depicted as in
larger image in (D). (C) Top view of the EFCSpacsin2 dimer. The dimer is rotated by 90
n as stick representations. (E–G) Electrostatic potential surfaces of the EFCSpacsin2
; (F) side view; (G) top view (convex side). (H, I) Superpositions of EFCSpacsin2 (cyan),
dary structures are indicated. (H) The stereo view of the Ca traces around the tips of
helices a3a and a3b are shown. The prime symbol (0) denotes secondary structures
contoured at 1.5r, of a representative dimer interface of EFCSpacsin2. The ﬁrst and
and magenta, respectively. The hydrogen bonding network in the dimer interface,
. Residues involved in the dimer interface are labeled. The prime symbol (0) denotes
Table 1
Data collection, phasing, and reﬁnement statistics.
EFCLpacsin2 EFCSpacsin2
Diffraction data
Temperature (K) 100 100
Space group P212121 P212121
Wavelength (Å) 0.9792 1.0000
Resolution (Å) 50.0–2.7 50.0–2.0
Unique reﬂections 27 264 64 396
Total reﬂections 258 204 340 326
I/r(I) 14.3 (5.1) 12.4 (4.9)
Rmerge
a (%) 16.4 (39.5) 11.9 (36.7)
Completeness (%) 97.6 (90.9) 95.4 (96.0)
Phasing statistics
Number of sites 12
Rcullis (anomalous) acentrics 0.7851
Mean overall ﬁgure of merit acentrics 0.1965
Reﬁnement statistics
Protein atoms 4710 4786
Water oxygens 273 551
Calcium ions 2
Rwork
b (%) 22.6 23.4
Rfree
c (%) 27.8 27.1
Rms deviation from ideal values
Bond length (Å) 0.006 0.005
Bond angles () 1.0 0.9
Average B-factor (Å2)
Protein 65.6 42.6
Solvent 58.6 39.5
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jected to centrifugation at 25 000  g for 30 min at 25 C in a
TL100 rotor (Beckman). The proteins (4 lM) were incubated with
liposomes (1 mg/ml) in 50 ll XB for 20 min at room temperature
(RT), and were then centrifuged at 25 000  g for 30 min at 25 C
in a TL100 rotor to precipitate the larger liposomes. Supernatants
and pellets were subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS–PAGE). The shape of the liposomes
(0.1 mg/ml) in the presence of the proteins (4 lM) was examined
by negative-staining electron microscopy, as described previously
[22,23]. Alternatively, liposomes after the incubation with the pro-
tein were ﬁxed with 2.5% glutaraldehyde for 30 min at RT. The lip-
osomes were then centrifuged at 20 000  g for 30 min, stained
with 1% osmium tetroxide in cacodylate buffer, washed, dehy-
drated in 50%, 60%, 70%, 80%, 90%, 95.5%, and 100% ethanol, placed
in propylene oxide, and embedded in the epoxy resin Quetol-812
(Nissin EM). After polymerization of the resin, 80 nm sections were
prepared, and were counter-stained for 10 min in uranyl acetate
and for 2 min in lead citrate. The dried sections were examined
by transmission electron microscopy.
2.2. Cell culture and transfection
Venus-pacsin2 was prepared by subcloning the mouse pacsin2
cDNA into the pVenus-C1 vector, in which the GFP in pEGFP-C1
was replaced with Venus [24]. Hela cells were maintained in
DMEM containing 10% fetal bovine serum. Transfection was per-
formed using the Lipofectamine LTX and PLUS reagents (Invitro-
gen), according to manufacturer’s protocol. Cells were stained
with an anti-GFP antibody (MBL International), followed by an
Alexa488-conjugated anti-rabbit IgG antibody and rhodamine-
conjugated phalloidin. Fluorescent images were obtained with a
confocal microscopy system (Olympus Fluoview 1000D). Cells with
four or more inward tubular structures or protrusions were consid-
ered to have tubulations or microspikes, respectively. In live imag-
ing, the number of cellular tubulations or microspikes was
counted, and the number was converted to the relative number
that was set to 100%, representing the maximum number of tubu-
lations or microspikes counted during the observation.
2.3. Crystallization, data collection, and structure determination
Detailed methods can be found in Supplementary data. Brieﬂy,
selenomethionine (SeMet)-substituted fragments of the human
pacsin2 EFC/F-BAR domain, EFCLpacsin2 (residues 1–343) and
EFCSpacsin2 (residues 1–305) were synthesized in a cell-free system,
as described previously [10]. The crystals of EFCLpacsin2 and
EFCSpacsin2 were grown by the hanging-drop vapor-diffusion
method. X-ray diffraction data were processed with the HKL2000
program package [25]. The structures of EFCLpacsin2 and EFCSpacsin2
were determined by the single-wavelength anomalous dispersion
(SAD) and molecular replacement methods, respectively, and were
reﬁned according to the standard protocols with the programs SnB
[26] and CNS [27]. Figures were created with the program Pymol
(http://www.pymol.org).
2.4. PDB accession number
Coordinates have been deposited in the Protein Data Bank
(PDB), with the accession codes 3ABH and 3ACO.Values in parentheses are for the highest resolution shell.
a Rmerge =
P
h
P
i|Ih,i  hIhi|/
P
h
P
i|Ih,i|, where h refers to unique reﬂection indices
and i indicates symmetry-equivalent indices.
b Rwork =
P
|FO  FC|/
P
|FO| for the working set reﬂections (95% of the data) used
for the reﬁnement.
c Rfree =
P
|FO  FC|/
P
|FO| for the test set reﬂections (5% of the data) excluded
from the reﬁnement.3. Results and discussion
We solved the crystal structures of EFCLpacsin2 (residues 1–343;
EFC/F-BAR domain + C-terminal extension) and EFCSpacsin2 (resi-dues 1–305; EFC/F-BAR domain) at 2.7 and 2.0 Å resolutions,
respectively. The present models contain residues 16–299 for
EFCLpacsin2 and residues 16–303 for EFCSpacsin2. The structures of
EFCLpacsin2 and EFCSpacsin2 were very similar to the recently
reported crystal structure of a different construct of the same pro-
tein [19]. Superposition of either EFCLpacsin2 or EFCSpacsin2 with the
previously reported pacsin2 EFC domain structure gave an rms
deviation between the corresponding Ca atoms of 1.19 Å over
284 residues, whereas that of EFCLpacsin2 with EFCSpacsin2 gave an
rms deviation between the corresponding Ca atoms of 0.66 Å over
284 residues. This suggests that the presence of the C-terminal
extension outside the core EFC domain (residues 1–305) does
not signiﬁcantly affect the overall structure of the core EFC do-
main. EFCLpacsin2 and EFCSpacsin2 are composed of three long a
helices (two with insertions) and a short a helix, followed by an
extended peptide segment (Figs. 1A and S1). As in the previously
reported structure of the pacsin2 EFC domain, EFCLpacsin2 and
EFCSpacsin2 form a dimer in the asymmetric units of the crystals
(Fig. 1B and C), and their concave surfaces are positively charged,
while their convex surfaces are more negatively charged (Fig. 1E–
G). A detailed comparison revealed several structural differences.
First, the conformations of EFCLpacsin2 and EFCSpacsin2 slightly differ
from those of the previously determined crystal structure of the
pacsin2 EFC domain, in regions such as the tip of the coiled-coil
(residues 144–220) and the loop between helices a3a and a3b
(Fig. 1H and I). The conformations of these regions of EFCLpacsin2
and EFCSpacsin2 also differ between the ﬁrst and second molecules
in the asymmetric units, suggesting the rather ﬂexible nature of
these regions. Note that the electron densities were not very clear
for a portion of the coiled-coil region (residues 157–206), as indi-
cated by the higher average B-factor values in this region
(102.1 Å2 for EFCSpacsin2) than in the other regions (Table 1), and
1114 A. Shimada et al. / FEBS Letters 584 (2010) 1111–1118the coordinates could not be determined as precisely as in the
other regions of the molecule. Second, in EFCSpacsin2, two and four
additional residues at the C-termini of the ﬁrst and second mole-
cules in the asymmetric units, respectively, could be modeled.
Third, probably due to the improved resolution, a number of or-
dered water molecules were identiﬁed in the dimer-interfaces of
EFCSpacsin2 (Fig. 1J).
We analyzed the deformation of artiﬁcial membranes formed
from the brain Folch fraction, which is rich in phosphatidylserine,
upon an incubation with the EFC domain of pacsin2. As reported
previously, the EFC domain fragment of pacsin2 deformed lipo-
somes to tubules (Fig. 2B), with diameters comparable to that ofFig. 2. Membrane deformation by the EFC/F-BAR domain of pacsin2. (A) Mapping of muta
basic, acidic, and hydrophobic amino-acid residues are colored blue, red, and yellow, re
(concave side); (right) side view. (B) Liposome tubulation by pacsin2. Liposomes (0.1 m
domain (EFCL or residues 1–343), or mutants of the pacsin2 EFC domain. Liposomes a
staining electron micrography. (C) The binding of each EFC/F-BAR domain protein (4 lM)
a co-sedimentation assay. The supernatant (sup) and the precipitate (ppt) were visualized
binding in (A). The values are the means from three independent experiments with stanthe concave surface in the structure of the pacsin2 EFC domain
(data not shown) [19].
The liposome interaction is dependent on phosphatidylserine,
and thus may be electrostatic [19]. The in vitro tubulation of lipo-
somes induced by the concave surface mutant, R50D, was hardly
observed, while that induced by D40K was enhanced (Fig. 2B).
The tubulation induced by the each of the convex surface mutants,
K189E and R284E, of the EFC domain of pacsin2 in vitro was also
less efﬁcient than that induced by the wild-type EFC domain of
pacsin2. The afﬁnities of these mutants to the membrane were
analyzed in vitro with puriﬁed proteins. As a control, the wild-type
IMD/I-BAR domain of IRSp53, but not the BPM mutant defective inted amino-acid residues on the structure of the EFC domain of pacsin2. The mutated
spectively. The two chains in the dimer are differently colored. (left) Bottom view
g/ml) were incubated with the puriﬁed protein (4 lM) of wild-type pacsin2 EFC
lone without proteins are also shown. The liposomes were observed by negative-
or IMD/I-BAR domain protein (4 lM) to Folch liposomes (1 mg/ml) was examined by
by Coomassie Brilliant Blue staining after SDS–PAGE. (D) Quantiﬁcation of liposome
dard deviations. There was no statistical signiﬁcance between the values.
A. Shimada et al. / FEBS Letters 584 (2010) 1111–1118 1115liposome binding [20], bound to the liposome under these condi-
tions (Fig. 2C and D). The co-sedimentation assay showed no signif-
icant reduction in the afﬁnities to the membrane by these single or
double amino-acid substitutions (Fig. 2C and D). However, the abil-
ity to deform the liposomes appears to correlate with the mem-
brane deformation ability (Fig. 2B–D).Fig. 3. Localization of the overexpressed EFC/F-BAR domain of pacsin2. (A) Localization
Venus-EFC/F-BAR domain (EFCS; residues 1–305), and Venus-pacsin2 (full length) expres
of cells with tubular localization and microspike formation of the EFC/F-BAR domain of
experiments with standard deviations.We examined the localization of the overexpressed EFC domain
of pacsin2 in Hela cells. The wild-type EFC domain was localized at
tubular invaginations from the cell periphery that were not co-
localized with actin ﬁlaments (Figs. 3 and 4). When expressed in
cells, the membrane tubulation ability of the 1–305 fragment
was similar to that of the 1–343 fragment (Fig. 3A). Full length pac-of the Venus-EFC/F-BAR domain (EFCL; residues 1–343), with or without mutation,
sed in Hela cells. Intracellular tubulation is indicated by arrows. (B) The percentages
pacsin2 are shown in the graph. The values are the means from three independent
1116 A. Shimada et al. / FEBS Letters 584 (2010) 1111–1118sin2 was not localized at tubular invaginations as frequently as the
EFC domain, indicating the auto-inhibition of the full length
protein [19].
To conﬁrm that the concave surface is essential for the
membrane deformation induced by the EFC domain of pacsin2,Fig. 4. Microspike formation by pacsin2 EFC/F-BAR domain is dependent on actin ﬁlamen
F-BAR domain of pacsin2 (EFCL; residues 1–343, green), with or without mutation, exp
microspikes are indicated by the arrows. (C) Liposome invagination by pacsin2. Liposo
domain (EFCL or residues 1–343), or IRSp53 IMD/I-BAR domain (residues 1–228). Liposo
section electron micrography. (D) The effect of latrunculin B treatment (1 lg/ml) on prot
F-BAR domain before and after latrunculin B treatment are shown. (E) Relative numbers
are means from 10 cells. The signiﬁcance of the difference relative to control RNAi cellswe mutated several residues on the surface of the EFC domain of
pacsin2 (Fig. 2A). The substitutions of basic amino-acid residues
on the concave surface, such as R25, R26, R29, R30, R50, K140,
K189, K203, and K207, with acidic amino-acid residues strongly
inhibited membrane tubulation when the mutants were expressedts. (A) Localization of actin ﬁlaments (stained by phalloidin, red) and the Venus-EFC/
ressed in Hela cells. (B) Enlarged view of the boxed region in (A). The necks of the
mes (0.1 mg/ml) were incubated with the puriﬁed protein (4 lM) of pacsin2 EFC
mes alone without proteins are also shown. The liposomes were observed by thin
rusion and tubulation in cells. Representative images of cells expressing Venus-EFC/
of cellular tubulations or microspikes, plotted with standard deviations. The values
was examined with Student’s t-test.
A. Shimada et al. / FEBS Letters 584 (2010) 1111–1118 1117in Hela cells (Fig. 3). The substitutions of M124 and M125 in the
insertion loop with hydrophilic threonines impaired the induction
of tubulation when the mutant was overexpressed in cells (Figs.
1D, 2A and 3). All of the mutants were expressed at similar levels
when transfected into Hela cells (Fig. S2). Furthermore, the substi-
tutions of acidic amino-acid residues on the concave surface, such
as D40 and E110, with basic amino-acid residues enhanced the efﬁ-
ciency of tubulation (Fig. 3). Importantly, the substitutions of the
basic amino-acid residues on the convex surface, such as K239,
R245, and R284, with acidic amino-acid residues reduced the tubu-
lation efﬁciency, but to a smaller extent than the substitutions on
the concave surface. Therefore, the convex surface also contributes
to the membrane tubulation induced by the EFC domain.
We noticed that the cells overexpressing the pacsin2 EFC do-
main fragment contained more microspikes with actin ﬁlaments
than the non-overexpressing cells (Fig. 4A). Importantly, the per-
centage of cells with microspikes was roughly proportional to the
percentage of cells with tubulation (Fig. 3). This suggested the con-
tribution of membrane binding at the concave surface of the EFC
domain of pacsin2 for protrusion formation. Accordingly, the EFC
domain fragment was enriched at the necks of the microspikes
(Fig. 4B). Therefore, the EFC domain of pacsin2 may facilitate
microspike formation by bending the membrane at the neck.
Therefore, we performed thin section electron microscopy of lipo-
somes incubated with the pacsin2 EFC domain, to examine the
liposome invagination in vitro, in comparison with the IRSp53
IMD/I-BAR domain. A small population of the liposomes with the
pacsin2 EFC domain had invaginations in vitro (Fig. 4C). However,
the invaginations were shallower than those induced by the IMD/I-
BAR domain (Fig. 4C).
If the bending of the membrane at the neck promotes the
microspike formation, then the EFC-domain-induced microspikes
could be elongated by another mechanism, such as actin polymer-
ization. When the cells were treated with the actin depolymerizing
drug, latrunculin B, the number of microspikes decreased (Fig. 4D
and E), suggesting that the microspikes were supported by the
actin ﬁlaments. The amount of tubulation was increased uponPacsin2
EFC/F-BAR domain
plasma m
Fig. 5. Schematic diagram for hypothetical pacsin2 EFC/F-BAR domain function in cellula
and that of the tubules are convex, and thus the concave surface of the EFC/F-BAR domai
EFC/F-BAR domain on the tubule, cut at the line.latrunculin B treatment, suggesting that the actin ﬁlaments be-
neath the plasma membrane suppress the tubulation (Fig. 4D
and E).
It is quite interesting that the overexpression of the EFC/F-BAR
domain induced microspikes as well as tubulation. Since the cyto-
solic surface of the plasma membrane in the microspike neck has a
positive curvature that ﬁts the concave surface of the domain, the
membrane geometry is identical to that of the membrane tubula-
tion surface of a cellular invagination (Fig. 5). Therefore, the
involvement of the membrane deforming proteins at the necks of
the cellular microspikes is a reasonable hypothesis.
The amino-acid residues involved in the formation of invagin-
ations were mainly mapped on the concave surface of the EFC
domain, as in the EFC/F-BAR domains of FBP17 and FCHo2. How-
ever, the amino-acid residues on the convex surface were also in-
volved in the invagination formation. Interestingly, the convex
surface mutations, such as R245 and R284, had greater effects on
tubulation, rather than protrusion (Fig. 3). The initial binding of
the EFC domain of pacsin2 may occur randomly on the convex
and concave surfaces; however, the role of the convex surface in
membrane binding should be examined in the future.
The IRSp53-MIM homology domain (IMD)/inverse-BAR (I-BAR)
domain binds to the membrane through its convex surface
[20,28–30]. The protrusions formed by the concave surface of the
pacsin2 EFC/F-BAR domain represent another means of protrusion
formation in cells. Therefore, there appear to be three modes for
membrane curvature formation: the concave surface of the protein
binding to the positive curvature of the membrane at the liposome
tubule/cellular invagination (amphiphysin, endophilin BARs and
FBP17, CIP4, pacsin, FCHO2 EFC/F-BARs), the convex surface of
the protein binding to the negative curvature of the membrane
at the liposome invagination/cellular protrusion (IRSp53 and
MIM IMD/I-BAR), and the concave surface of the protein binding
to the positive curvature of the membrane at the neck of the lipo-
some invagination/cellular protrusion (pacsin EFC/F-BAR) [4].
There may be unknown protein–membrane interactions involved
in the negative curvature at the neck of the cellular invaginationsCytosol
embrane
Pacsin2
EFC/F-BAR domain
m
em
bra
ne
   
cy
tos
ol
r tubulation or microspike formation. The curvature of the neck of the microspikes
n of pacsin2 can bind to them. The box indicates the possible binding of the pacsin2
1118 A. Shimada et al. / FEBS Letters 584 (2010) 1111–1118and at the tip of cellular protrusions, and at the positive curvature
of the tip of tubulated cellular invaginations. These membrane-
binding proteins may classify microspikes into several novel
subtypes.
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